Endolithic, red unicells residing in the interior of Lithothamnion rhodoliths, collected offshore the NW Gulf of Mexico in mesophotic rhodolith beds at ∼54-55 m depth and maintained in closed microcosms, were used to establish cultures following their isolation. These endolithic unicells subsequently developed into amorphous blobs of palmelloid cell colonies. Each cell contains unstacked, 2-5 lobed parietal chloroplasts, one prominent central pyrenoid, and have a thin or thick cell wall. Single cells, or cell clusters (in pairs, tetrads, or up to 12) are embedded inside an extracellular matrix whose boundaries remain closely appressed to neighboring cell clusters. Cell division by concavo-convex division resulted in hemispherical cells subsequently expanding in size. Plastid tufA, psbA and 16S rDNA sequence analyses confirmed that the colonies are Rhodosorus marinus Geitler. This is the first report of a unicellular red alga spending part of its life history endolithically inside biogenic rhodoliths.
INTRODUCTION
The unicellular marine coccoid red algal genus Rhodosorus was described by Geitler (1930, p. 633, Figure 15 ) from seawater cultures originating from Las Palmas, Canary Islands. Rhodosorus marinus Geitler was the only species in the genus until Fresnel and Billard (1995) described a second species, Rhodosorus magnei, isolated from the French West Indies (Isle de St Barthélemy). The current distribution of Rhodosorus (Guiry and Guiry, 2019) indicates that these unicellular red algae predominantly inhabit warm and coastal waters worldwide (West and Calumpong, 1990; Fresnel and Billard, 1995; Zuccarello et al., 2008) .
The two species are distinguished by their color, cell size and number of chloroplast lobes (Fresnel and Billard, 1995) . Pickett-Heaps et al. (2001) reported that the four strains of Rhodosorus investigated displayed continuous cytoplasmic rotation within the wall, and Wilson et al. (2002) documented chloroplast rotation and morphological plasticity in R. marinus. Previously placed in the Porphyridiales (e.g., West and Calumpong, 1990) , the genus currently belongs in the family Stylonemataceae, order Stylonematales, in the class Stylonematophyceae (Yoon et al., 2006 Yang et al., 2010 Yang et al., , 2016 .
Whereas R. marinus and R. magnei typically grow epiphytically on the surface of seaweeds (Fresnel and Billard, 1995) , we recently found a member of Rhodosorus growing inside (endolithically) calcified Lithothamnion (Hapalidiaceae, Hapalidiales) rhodoliths collected in mesophotic rhodolith beds in the northwestern Gulf of Mexico. Rhodoliths are free-living marine benthic spheroidal nodules predominantly accreted by crustose coralline red algae (CCA) precipitating CaCO 3 within their organic cell walls (Foster, 2001; Krayesky-Self et al., 2016 Fredericq et al., 2019; Spalding et al., 2019) . Two major rhodolith categories can be found in the northwestern Gulf of Mexico (NWGMx), i.e., biogenic and autogenic rhodoliths. Biogenic rhodoliths (Figure 1a) are formed by the non-geniculate CCA themselves, e.g., Lithothamnion sp. In contrast, autogenic rhodoliths are derived from already existing calcium carbonate rubble established by differential erosion processes of the caprock (Gore, 1992) , with the rubble becoming secondarily covered by various encrusting and fleshy algae (Felder et al., 2014; Fredericq et al., 2014; Richards et al., 2016; Krayesky-Self et al., 2017; Schmidt et al., 2017) . Autogenic rhodoliths are viewed as a specific type of nucleated rhodoliths (sensu Freiwald and Henrich, 1994) in which the core derives from calcium carbonate rubble as opposed to other materials. These two categories of rhodoliths co-inhabit the same rhodolith beds but the internal (endolithic) microbiome of each category may differ with regard to the diversity of taxa (biogenic: Krayesky-Self et al., 2017, and autogenic: Sauvage et al., 2016a; Fredericq et al., 2019) .
This endolithic taxon retrieved from a biogenic rhodolith is herein characterized on the basis of anatomical evidence via light, phase contrast, fluorescent and TEM microscopy, and also on the basis of DNA sequence analyses of plastid tufA (plastidencoded protein chain elongation factor EF-Tu), rbcL (encodes the large subunit of the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase), psbA (photosystem II reaction center protein D1 gene), and 16S rDNA.
MATERIALS AND METHODS

Study Area and Sample Collection
Mesophotic rhodolith collections representing Lithothamnion sp., a currently undescribed species of CCA (Figure 1a ) (Hapalidiaceae, Hapalidiales, Rhodophyta) (J. Richards, unpublished data) , were collected at Ewing Bank (27 • 57.08N, 92 • 01.03. W, coll. S. Fredericq, depth 54-55 m, 26.viii.2012, LAF6573b) offshore Louisiana in the northwestern Gulf of Mexico aboard the R/V Pelican, a UNOLS research vessel operated out of LUMCON, Cocodrie, LA. Rhodoliths were retrieved using a Hourglass-design box dredge (Joyce and Williams, 1969) with minimum tows (usually 8 min or less) (Felder et al., 2014; Fredericq et al., 2014 Fredericq et al., , 2019 . Rhodoliths were initially stored on-site by location in containers filled with seawater collected in situ from the same depth and site of the sampled rhodoliths using the onboard CTD water-sampling rozette. Samples were kept aerated on board ship for the duration of the trip (4 days) and immediately transferred into microcosms, filled with in situ collected seawater, located in our laboratory at UL Lafayette 2-5 h upon return to the laboratory. The Lithothamnion rhodolith investigated in the present study is part of the same voucher that included endolithic Ochrosphaera (haptophyte) cellular inclusions housed within the rhodolith's interior (Krayesky-Self et al., 2017) .
Establishment of Microcosm
A 75-L closed microcosm tank, established from a subset of samples from Ewing Bank, was equipped with a SeaClone 100 protein skimmer (Instant Ocean, Blacksburg, VA, United States), water jet (MJ2000) and 600 lumen light (FugeRay Unibody). The protein skimmer provided filtration and a flow of 1,200 L/h (Krayesky-Self et al., 2017; Fredericq et al., 2019) . The LED photosynthetically available radiation (PAR) in the microcosm was about 30 µmol photons m −2 s −1 , a measurement approximating in situ light PAR or irradiance levels measured with a LI-COR Biosciences (Lincoln, NE, United States) biospherical PAR sensor incorporated in a CTD (for conductivity, temperature, and depth) rosette and water sampler. The closed microcosm was filled with in situ collected water with CTD rosette Niskin bottles and the systems was maintained at approximately 10 h light/14 h dark cycle at 24 • C, the same temperature measured in the field at 55 m depth in late summer. Deionized water was used to counteract evaporation within the microcosm. Rhodolith vouchers are deposited in the Algal Herbarium of the University of Louisiana at Lafayette (LAF).
Light Microscopy and Phase Contrast Microscopy
Rhodoliths were cross-sectioned with straight-edged razor blades, and cultured cells were viewed under a Zeiss Stemi 2000-C (Oberkochen, Germany), Olympus SZ61 stereomicroscope (Waltham, MA, United States), and with phase contrast using a Motic BA300 microscope (Carlsbad, CA, United States).
Fluorescence Microscopy
Specimens from the culture wells were pipetted onto microscope slides following the protocol of Krayesky-Self et al. (2017) . A Nikon E600FN epifluorescence microscope (Melville, NY, United States) was used to visualize autofluorescing cells with blue light. Photographs were taken with an Olympus digital camera.
Transmission Electron Microscopy
A subsample of the Rhodosorus cells was fixed in Trumps fixative (Electron Microscopy Science) for 1 h at ∼22 • C, then fixed in 2% OsO 4 for 15 min, dehydrated, embedded in Spurr's resin, cut into 1 nm sections, stained using uranyl acetate and lead citrate and viewed on a Hitachi 7600 TEM microscope (Dallas, TX, United States) following the procedure in Krayesky-Self et al. (2017) .
Establishment of Cell Cultures
With a sterile razor blade, a rhodolith nodule was sectioned into thin pieces and examined under an Olympus BX60 compound microscope with a SLMPlan 50X/0.45 M-plain objective attached to a Canon PowerShot A330 camera (Melville, NY, United States). A Sutter Ultra-micropipette puller produced fine ultra-micropipette tips that were used with a mechanical manipulator to remove single cells from within the coralline cells. The pipettes were controlled using a micro-manipulator and suction was controlled using a one-way valve and a transfer pipette. Following the procedure of Krayesky-Self et al. (2017) , cells retrieved from the inside of the rhodoliths were cultured, and subcultured into 24-well culture plates. The isolated cells grew within the well-plates which contained 50% filtered seawater with 50% K-Media nutrients at room temperature, following the procedure of Krayesky-Self et al. (2017) . Cells were placed in filtered microwaved-sterilized natural seawater for 5-7 days and this seawater was refreshed with modified K-media every 2 weeks after 7 days. The cultures have been maintained since 2012. Larger cultures were then established in Corning 25 cm 2 tissue culture flasks at 19 • C and periodically checked for growth.
Single Cell DNA Amplification
Single cells were isolated from the inside of Lithothamnion sp. (LAF6573b) and transferred into culture plates. The DNA of the isolated cells was then amplified by whole genome amplification using a Phi29 REPLI-g single cell kit (Qiagen, Valencia, CA, United States) to produce sufficient DNA for subsequent polymerase chain reaction (PCR) with primers for genes of interest. The manufacturer's REPLI-g protocol was modified by adding a 5-min incubation period at 95 • C to lyse the cells before the denaturing buffer incubation step (65 • C for 10 min). All other steps occurred following the manufacturer's protocol.
DNA Amplification and Sequencing
The genomic DNA from the individual cells was PCR-amplified and sequenced using four different molecular markers. Plastid tufA was amplified and sequenced using the methods and primer combination designed by Sauvage et al. (2016a) , plastid rbcL using primers listed in Schmidt et al. (2016) , plastid psbA using primers designed by Yoon et al. (2002) , and 16S rDNA using primers listed in Olsen et al. (2004) . The resulting PCR products of the four genes were gel-purified and cycle sequenced using the BigDye R Terminator v3.1 Cycle Sequencing Kit (Life Technologies, Grand Island, NY, United States). The cycle sequencing reactions were then purified using Ethanol/EDTA precipitation. The resulting dried precipitated DNA was then resuspended in HiDi TM formamide (Life Technologies, Grand Island, NY, United States), heat-denatured and sequenced on the ABI 3130xl Genetic Analyzer at UL Lafayette. Chromatograms were assembled in Sequencher v5.1 (GeneCodes R , Ann Arbor, MI, United States).
Metabarcode Database
A tufA Illumina-metabarcoding (amplicon-based environmental sequencing) framework on environmental samples of various limestone fragments established by Sauvage et al. (2016a,b) , provided us with reference tufA metabarcodes of cryptic (hidden) phototrophs retrieved from four small CaCO 3 substrata collected from the Ryukyu archipelago, Japan; the NW Gulf of Mexico; and the Florida Keys. The Sanger tufA sequence of the endolithic tufA sequence from Ewing Bank, NW Gulf of Mexico, was approximately 900 bp long and was BLASTed against Sauvage et al.'s (2016b) tufA barcode reference dataset (with each barcode approximately 375 bp long) and against available tufA GenBank sequences. This was done in order to possibly link the taxonomic identity of any of the tufA metabarcodes with that of the tufA Sanger sequence.
Tree Building
The assembled sequences were run through BLASTn on GenBank 1 and the nearest hits were downloaded from the public NCBI database and used to establish the data sets. The available resulting tufA dataset of Rhodosorus sequences consisted of a GenBank-downloaded R. marinus sequence from Venice, Italy (AF545599), Core OTU 374 retrieved within endolithic samples (reef rubble) originating from Japan (Ryukyus archipelago) 2 (Sauvage et al., 2016a,b ) and a newly generated R. marinus (LAF7199 S13) sequence from offshore LA, NW Gulf of Mexico (MN808825), and of a R. magnei sequence from Guadeloupe, F.W. I. (EF660206). The psbA sequence of the endolithic taxon (MN808824) was compared to that of R. marinus from Venice, Italy (AY119744), the Florida Keys (EF660237) and the Maldives (EF660236), and to R. magnei from Guadeloupe F.W.I. (EF660268). The 16S (MN808823) and rbcL sequence of the endolithic taxon (MN808826) was compared to R. marinus from Italy (AF170719, AY119778, respectively).
The sequences of each gene dataset were then aligned manually in Mega v5.2.2 (Tamura et al., 2011) . The resulting alignments were analyzed using PartitionFinder2 (Lanfear et al., 2016) to determine the best fitting model of evolution and the optimum data partition. The analyses resulted in the selection of the General Time Reversible model with a proportion of invariable sites and a gamma distribution applied separately to each codon position of the three protein-encoding genes, and as a single partition for the non-protein-coding gene (16S) on the basis of the three information criteria, i.e., Akaike information criterion corrected (AICc), Akaike information criterion (AIC), and Bayesian information criterion (BIC). The alignments were analyzed by Maximum likelihood (ML) as implemented by RAXML (Stamatakis, 2014) with the above model and partition scheme with 1000 restarts to find the tree with the lowest likelihood score and 1000 Bootstrap (BS) replications.
RESULTS
Non-flagellated unicells were captured from the rhodolith's (Figure 1a) interior (Figure 1b) using a micromanipulator and microscope and used to establish cell cultures (Figure 1c) following their isolation. These cells subsequently developed into free-living amorphous blobs of palmelloid cell colonies (Figures 1c-i) that consistently grew along with brown cell clusters (Figure 1c) . Unicells were either purple, pink or greenish and appeared to divide by vegetative cell division to produce twoto-four cells in compact (Figures 1e-g) or loose (Figures 1h,i, 2a) 1 http://blast.ncbi.nlm.nih.gov/Blast.cgi 2 https://doi.org/10.5061/dryad.6cj8h cell clusters (in pairs, groups of three, tetrads, or up to 12 cells) that were embedded inside a cell wall whose boundaries remain closely appressed to neighboring clusters (Figures 1e-g, 2b) or more spatially isolated from one another (Figure 1h) . Cell walls were either thick (Figures 1e,g, 2a) or thin (Figure 1i) . Vegetative concavo-convex cell division resulted in hemispherical cells (Figure 1f) subsequently expanding in size. Each cell contained one prominent central or off-centric pyrenoid (Figures 1g,i) , parietal chloroplasts with 2-5 peripheral plastid lobes barely extending from the cell surface and visible using different focus levels (Figure 1i) . Other cellular details were not perceptible with conventional brightfield microscopy.
Phase contrast (Figure 2a ) and autofluorescence (Figure 2b ) also showed the palmelloid organization of cultured cells. Autofluorescence micrographs (Figure 2c) clearly documented 2-5 plastid lobes per cell (Figure 2d) .
Transmission electron microscopy (TEM) observations confirmed that the Rhodosorus cells contained crescent-shaped to oval plastids and one prominent pyrenoid (Figures 3a-c) . The pyrenoid extends toward the interior of the cell and depending on the plane of the section are shown to be connected to a plastid lobe appearing stalked (Figure 3a) . One-to-five plastid lobes per cell were seen in various planes of sectioning (Figures 3a-c) and follow the contour of the cells. Each plastid lobe contains parallel, evenly spaced, unstacked thylakoids (Figures 3a-c) and does not abut the cell wall but remains separated from it by an evenly distributed intracellular space immediately below the cell wall. Phycobilisomes were not seen on the thylakoids. Floridean starch was not abundant in young, actively growing cultured cells (Figure 3a) but formed extensive floridean starch sheaths (Figures 3b,c) surrounding the pyrenoid in cells from mature cultures, i.e., in non-actively growing cells that were maintained in culture for a period of 2 months (Figure 3b ) and 2 years (Figure 3c) , respectively.
The small branch length between the psbA (Figure 4a) , tufA (Figure 4b), 16S (Figure 4c) and rbcL (Figure 4d) sequences of the endolithic Rhodosorus taxon from the NW Gulf of Mexico and downloaded GenBank sequences of R. marinus worldwide indicate that they do not represent separate species. tufA metabarcoding enabled us to link the taxonomic identity of a hidden (cryptic) ∼375 tufA metabarcode from reef rubble from Okinawa, Ryukyu archipelago, Japan with the ∼900 bp tufA sequence of the endolithic Louisiana taxon (Figure 4b) .
DISCUSSION
Morphologically, each of the cultured cells originating from endolithic cells inhabiting NW Gulf of Mexico Lithothamnion rhodoliths conforms to the concept of R. marinus Geitler, a species that has fewer chloroplast lobes (∼2-5) than R. magnei (8-11) (Fresnel and Billard, 1995) ; however, it should be noted that these characteristics were found to be quite variable and dependent on culture conditions and that they cannot be used to differentiate these two species (Wilson et al., 2002) . Our observations coincide with those by Giraud (1976) who noted that the width of the cell wall in R. marinus varies greatly depending on culture conditions. Our observations of the NW Gulf of Mexico cultured cells also resemble aspects of cultures of R. marinus from Hawaii in that they may form loose cell packets enclosed in a poorly defined mucilage (West, 1969) . Pyrenoids encased by prominent cytoplasmic starch as shown in R. marinus by Giraud (1976) , Lee (1974) , and Fresnel and Billard (1995) were not observed in the actively dividing Louisiana vouchers but were prominent in cultures that were maintained for up to 2 years. Perhaps the fact that such prominent starch cells were not found in young cultures may indicate that cells were still actively growing and not storing energy in the form of floridean starch. Molecularly, comparative plastid tufA, psbA and 16S sequence analysis also confirmed that the endolithic Rhodosorus taxon from the NW Gulf of Mexico is R. marinus.
Rhodosorus marinus may be more ubiquitous than the present records indicate. It may be overlooked in collections because of its very small size and because the distribution record of the genus is patchy (West and Calumpong, 1990 ). Rhodosorus was originally described from the Canary Islands (Geitler, 1930) and subsequently recorded in France (Giraud, 1958) , Italy, and the Florida Keys (Ott, 1967) , and Hawaii (West, 1969) . More recent reports, listed in Guiry and Guiry (2019) include a European distribution for France (Billard and Gayral, 1972; Anon, 2017) , Spain (incl. Canary Is., Gallardo et al., 2016) , the Canary Islands (John et al., 1979; Gil-Rodríguez and Afonso-Carrillo, 1980; Haroun et al., 2002; Gil-Rodríguez et al., 2003; John et al., 2004; Afonso-Carrillo, 2014) , in addition to being distributed in British Columbia (Scagel et al., 1989) , the tropical and subtropical western Atlantic (Wynne, 2017) , Japan (Yoshida et al., 1990 (Yoshida et al., , 2015 Yoshida, 1998) , and the Philippines (Ang et al., 2014) .
Rhodosorus marinus typically grows epiphytically on macroalgae, mostly siphonous green algae, and co-occurs with chrysophytes and haptophytes (e.g., Ochrosphaera) (West and Calumpong, 1990; Fresnel and Billard, 1995 -Self et al., 2017) . This is the first report of a unicellular species of red algae, i.e., R. marinus, that grows inside biogenic rhodoliths indicating that this species spends part of its life history endolithically inside mesophotic rhodoliths, co-habiting with the haptophyte Ochrosphaera (Coccolithales, Prymnesiophycidae Coccolithophyceae) a taxon occasionally referred to as Hymenomonas globosa (Magne) Gayral and Fresnel, a common coastal haptophyte (Fresnel and Probert, 2005) . Both taxa thus appear to have a wide distribution in the CaCO 3 endolithic niche worldwide. R. marinus was not observed growing as free-living cells in our laboratory microcosms.
This study adds to our previous discovery that the interior of rhodoliths are marine biodiversity hotspots (Sauvage et al., 2016a; Krayesky-Self et al., 2017; Fredericq et al., 2019) for previously unknown endolithic stages in the life history of ecologically important and diverse microalgae encompassing phyla as diverse as dinoflagellates (i.e., Prorocentrum), haptophytes (i.e., Ochrosphaera), and, as noted herein, red algae (i.e., Rhodosorus) as well. The metabarcoding approach may reveal additional unknown biodiversity that can form the basis for species description through careful culturing efforts and anatomical observations, as was performed here.
DATA AVAILABILITY STATEMENT
This manuscript contains previously unpublished data. The repository of the tufA metabarcode (part of the Core OTU 374) is DRYAD, doi: 10.5061/dryad.6cj8h (Sauvage et al., 2016b) . All DNA sequences are available from GenBank, and newly generated DNA sequences represent GenBank numbers MN808824 (psbA), MN808825 (tufA), MN808823 (16S), and MN808826 (rbcL).
AUTHOR CONTRIBUTIONS
SF, SK-S, TS, and WS conceived the study and collected the samples. SK-S, DP, TS, LB, and WS conducted the laboratory work. WS, TS, and SK-S conducted the data analyses. SF, SK-S, and WS wrote the manuscript with contributions from TS. All authors edited the manuscript before submission.
FUNDING
This work was funded by NSF DEB-1754504.
